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Motivations for QCD studies

• Existing perturbative QCD formalism only provides a rough 
guide to obtaining results beyond leading order

• Each step beyond the simplest approximation has required 
new insights into the structure of QFT (KLN theorem,
unitarity methods)

• Still confused about basic conceptual issues: for example, 
how to define a divergence-free, gauge-invariant kt-
dependent parton distribution function?

• Need predictions for LHC backgrounds!

from J. Collins, 2003



ANL group strengths
• We think about basically all open issues in pQCD:

• Studies of the structure of pQCD at higher orders, and novel methods to 
obtain NNLO cross sections

• Investigations of fundamental issues such as factorization and 
resummation using a variety of approaches

• Phenomenological applications of multi-loop QFT, from LHC to g-2

• We turn these studies into predictions and simulation codes heavily used 
in Tevatron and LHC analyses 

• When experimentalists need numbers, they come to us

EW gauge bosons: FEWZ Petriello

Higgs: LHC Higgs working group 
Boughezal, Petriello (convenor & chapter author)

Quarkonium: Quarkonium working 
group Bodwin (convenor & chapter author)

Double parton scattering: Berger



QCD Phenomenology at the 
Tevatron and the LHC

(will be presenting representative examples of group work on various topics; 
for a more comprehensive listing, see submitted material and backup slides)



Fully Exclusive W and Z

•Original next-to-next-to-leading order (NNLO) QCD calculation and 
program: K. Melnikov, FP (2006)
•One of only two pp processes for which differential NNLO known
•But code inefficiency severely limited applications
•Complete re-write with major improvements

Now fills histograms of multiple, arbitrary variables during single run
Parallelization of integration routines to make use of CPU grids
PDF reweighting to obtain PDF errors for all observables in single code run
Optimized sector combination based on correlation study, improves integration 
efficiency dramatically: significant use of ANL computing resources!

all 3 plots from single run

R. Gavin, Y. Li, FP, S. Quackenbush, Comput.Phys.Commun. (2011) in press
ANL postdocNU student



Diversity of EW physics
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x ranges from 
3×10-4 to 0.5!

All LHC, 
Tevatron 
measurements 
now have one 
thing in common: 
FEWZ

These studies 
not possible with 
old FEWZ

Constant 
interaction with 
experimentalists 
working on LHC 
studies



)  [GeV]µµM(

]
-1

 
  

[G
e

V
µ
µ

/d
M

!
 d

Z
!

1
/

-6
10

-5
10

-410

-3
10

-210

-110

1

15 30 60 120 200 600

 data

 NNLO, FEWZ+MSTW08

 uncertainty on modeling

CMS preliminary

 = 7 TeVs  at  -136 pb

µµ "* #Z/

•Double muon trigger: pT1>16 GeV, 
pT2>7 GeV

•For M=[15,20] GeV: NLO→LO, 
NNLO→NLO, need a hard jet to 
generate this configuration

•αS(15 GeV)≈0.17, K-factor≈1.9 
when going from ‘N’LO→‘N’NLO

•Corrections to POWHEG 
approaching 2

Important to have tools 
incorporating all our knowledge to 
catch effects like this

Fully Exclusive W and Z

Future FEWZ plans: incorporations of NLO EW corrections, 
avoid unfolding for FSR effects



Former ANL postdoc, now Texas-Arlington faculty









Structure of pQCD at Higher 
Orders



Infrared structure at NNLO

• Can’t yet provide 2→2 scattering beyond next-to-leading order!

• NNLO phenomenologically needed for jet production, V+jet, ttbar, ...

• Only two possible techniques known; ANL group advancing knowledge in 
both directions

R. Boughezal et al., JHEP 1102 (2011) 098; PoS DIS2010 (2010) 101

Previously worked out for e+e- 
and DIS processes, but difficult 
and intricate to extend to 
hadron-hadron collisions (e.g., 
4 master integrals for e+e- 
becomes 32 for LHC)



Infrared structure at NNLO

• Can’t yet provide 2→2 scattering beyond next-to-leading order!

• NNLO phenomenologically needed for jet production, V+jet, ttbar, ...

• Only two possible techniques known; ANL group advancing knowledge in 
both directions

R. Boughezal et al., JHEP 1102 (2011) 098; PoS DIS2010 (2010) 101

Extension worked out by 
Boughezal et al.; subset of integrated 
subtraction terms provided.

Remaining are:



Sector decomposition
R. Boughezal, FP

• Numerical technique, originally devloped and applied to W, Z, Higgs 
production Anastasiou, Melnikov, FP 2003-2005; Melnikov, FP 2006

• These are the only differential NNLO results available for hadron-collider 
studies

Simple idea, but was very process-
dependent; the “x,y” in this example 
took on numerous completely 
different forms in every example

Cast NNLO singularities in the form:

Expand in plus distributions

• Recent work has suggested how to remove this limitation Czakon, 2010

• Limited (~10) decompositions to understand for any process, upon
suitable partitioning of phase-space

• Idea not yet tested; we are actively investigating what is entailed in applying 
this idea to the computation of LHC cross sections



Dimensional reconstruction at NNLO
R. Boughezal, K. Melnikov, FP arXiv:1106.5520

FDH inconsistent at NNLO! 
W. Kilgore, 2011

Computation of 
finite quantity differs 
in two schemes!

We found how to fix this using ideas from extra-
dimensional theories

Fix c1 by computing in 5D, 6D; only need coupling 
constant renormalization in 5D, 6D, can avoid the 
full NNLO CDR calculation!

Demonstrated with several examples.  This idea 
will be central in future higher-order calculations.

•Can we use 4-dimensional helicity (FDH) rather than conventional dim. reg. 
(CDR) at NNLO?

•FDH: spin d.o.f. in ds=4; a greatly reduces needed real radiation MEs
•Also just interesting to know, is this a consistent regularization scheme?



Factorization and 
Resummation in QCD



Former ANL postdoc



Low pT in the EFT approach
Y Li, S. Mantry, FP PRD 81:093007 (2010); PRD 83:053007 (2011); PRD 84:014030 (2011); arXiv:1105.5171

NU student NU/ANL LHC-TI fellow

•Many reasons to understand low pT production: MW, Higgs in WW mode
•Standard approach uses b-space; serious issues arise when converting to 
momentum-space

Bozzi, Catani, de 
Florian, Grazzini 

2005

• Should not use to reweight PYTHIA pT spectrum above 
intermediate momenta (M. Grazzini), but done anyway 

Negative cross section!  
Resummed exponent doesn’t 
turn off in high pT region

We’ve developed a SCET approach that resolves this issue
Also addresses several conceptual issues affecting other 
approaches (rapidity divergences, operator definitions)
Agrees with Tevatron data!

24

FIG. 4: Numerical predictions for the transverse momentum spectrum for Higgs boson production
at the LHC for central rapidity. Shown are the fixed-order result and those obtained after imple-
menting the resummation formula of Eq. (6) through LL and NLL. The bands arise from the scale
variation shown in the text.

these would be called LL+LO and NLL+LO. We use MSTW 2008 parton distribution

functions [41]. For LL and LO predictions we use leading order PDFs with 1-loop running

of the strong coupling constant, while for our NLL results we use NLO PDFs with 2-loop

running for αs. Our results depend on the two matching scales µT and µQ, and we vary

these scales to obtain an estimate of the theoretical error. As our central scale choices we

set µ2
T = p2T and µ2

Q = −M2, and vary µ2
T , µ

2
Q independently around these choices by a

factor of 2. Two aspects of these choices require comment. Following Ref. [39], we utilize

an imaginary matching scale for µQ which has the effect of resumming factors of π2 which

arise from the time-like momentum transfer appearing in H. This was shown to improve the

convergence of the perturbative expansion for inclusive Higgs production [36, 39], and has

also been utilized in the literature to study Drell-Yan [35]. We also find better agreement

with data (see Fig. 5) for an imaginary µQ compared to a real µQ which can be attributed

Smooth matching to 
fixed order at high pT

Extending to 
NNLL, 
comparison 
with LHC data:



Many-loop QFT and 
Phenomenology



g-2 and hadronic light-by-light
R. Boughezal, K. Melnikov arXiv:1104.4510

Will continue running at 
FNAL in a few years!

•Recent work: hLBL estimates are off by a factor of 2 or more due to QCD 
effects on the quark-photon vertex, Goecke et al., 2010.  Reduces discrepancy.

•Need 4-loop QCD to test
•Use the constituent quark model as a model 
of QCD non-perturbative effects.  Fit the 
masses using hadronic vacuum polarization, 
then use in hLBL Pivovarov 2003; Erler, Sanchez 2006

•Are there large QCD effects to hLBL that 
don’t appear in hVP?  If not, tough to swallow 
the factor of 2 claim.

Very insensitive to QCD effects! Strengthens 3 sigma discrepancy between experiment and SM. 



Quarkonium as a QCD 
Laboratory











Final comments

• Intense activity at ANL into all areas of pQCD: 
from collider energies to g-2, foundational issues 
to simulation codes and numerics

• Expect even more activity beginning in the fall 
joined by 3 postdocs with primary interest in 
QCD: S. Mantry (LHC-TI fellow with NU), M. 
Schulze (ANL Director’s Fellow), X. Liu (joint 
ANL/NU)⇒2 of these with external funds 

• See submitted write-up for a global listing of 
group’s QCD work






